In order to optically vary the magnification of an imaging system, continuous mechanical zoom lenses require multiple optical elements and use fine mechanical motion to precisely adjust the separations between individual or groups of lenses.
INTRODUCTION
Speed, size, weight and power requirements have limited or completely prohibited the use of mechanical zoom lenses in many applications. A zoom lens is simply an optical system that can vary magnification or focal length while keeping the image plane stationary. Conventional technology requires a continuous zoom lens to have multiple optical elements and uses coupled motion to adjust the axial separations between individual or groups of elements in order to vary the optical magnification. 1 Mechanical zoom lenses such as those found on 35 mm cameras may take hundreds of milliseconds to vary magnification and are restricted to magnifying the area on-axis (i.e. the system must be directly pointed at the area to be magnified). Discrete, multiple field-of-view (FOV) systems have been developed that vary magnification by rotating lenses or groups of lenses in and out of the optical path, and these are also limited to on-axis magnification. Digital or electronic zoom increases the size of the image, but without any increase in information content (i.e. resolution). With digital zoom, the individual pixels on the focal plane array are simply remapped to larger areas in the display, as in Figure 1 (b), and thus it is extremely fast and is not limited to on-axis magnification. By changing the true magnification of the system, an optical zoom system increases the resolution over the magnified areaof-interest, Figure 1 (c).
Gimbals, which are used to redirect the instantaneous FOV of an imaging system, often weigh as much as the entire optical system. Depending on the size of the optics and the speed of the gimbal, they can draw hundreds or even thousands of Watts to slew large-aperture systems. Even with state-of-the-art gimbals, they take hundreds of milliseconds to slew large angles and may induce unwanted jitter or require momentum compensation. In order to achieve true optical magnification and overcome deficiencies in size, weight, and power requirements, we have previously proposed a revolutionary alternative to conventional mechanical zoom systems where moving lenses/mirrors and gimbals are replaced with active optics. [2] [3] Active or adaptive optics, 8 such as liquid crystal (LC) spatial light modulators (SLMs) and deformable mirrors (DMs), have previously been proposed and demonstrated as variable focal-length elements. [5] [6] [7] Focus control is accomplished by systematically adjusting the optical path across the element to add/subtract quadratically varying phase. In fact, any aberration can be added or subtracted (focus is simply a low order aberration), providing a tremendous amount of flexibility. [9] [10] [11] By applying the appropriate voltage to each pixel or actuator, the optical path can be adjusted to create an optical wavefront that approximates the wavefront produced by a conventional lens or mirror. By changing those voltages appropriately, the "focal length" of the active element can be varied within the limits set by the dynamic range and the number of pixels or actuators. More recently, liquid lenses, which use an "electrowetting effect", have been used as variable focal-length lenses for on-axis magnification. 12 While these lenses appear to perform satisfactorily for low-cost applications such as cell phone cameras, the wavefront quality is not (yet) sufficient for high-resolution applications.
By appropriately designing the optical system, these variable focal-length elements can provide the flexibility necessary to change the overall system focal length, and therefore magnification, that is normally accomplished with mechanical motion. The key to this concept is to create relatively large changes in system magnification with very small changes in the focal lengths of individual elements by leveraging the optical power of conventional optical elements surrounding the active optics. In addition to changing the focal length with a DM or SLM, optical tilt can also be added to the wavefront by appropriately adjusting the voltages. This allows magnification of any point within the FOV without physically moving some portion of the optical system. Thus, the object to be magnified does not have to lie on the optical axis as in a conventional system.
Using liquid crystal SLMs, we previously designed and demonstrated this concept in the laboratory.
2-3 Although currently available, transmissive LC SLMs lack the phase retardance and number of pixels necessary to adequately change the focal length of the individual element, we were able to create a quasi-Fresnel zone plate that mimics the behavior of a lens. 13 The drawback to using the SLMs in this fashion is the overall efficiency, since only a portion of the light is diffracted into the correct converging wavefront. Potentially an even bigger problem is that a significant portion of the improperly focused light still makes it to the image plane and adds unwanted noise, masking the image of interest. For most real-world applications, using the SLMs as diffractive zone plates in this manner is unacceptable; however, this preliminary experiment served to prove the viability of the concept and demonstrate the basic principles that were applied to this effort. Figure 2 shows the image of an AF resolution bar chart taken with our liquid crystal SLM, active optical zoom system. In (a), the system is set to image a wide FOV with the bar chart located in the upper right quadrant. When we changed the voltages applied to the two SLMs in the optical train, applying both defocus and tilt, we achieved 3.3X magnification, with a corresponding increase in resolution capability, as shown in (b). By introducing optical tilt to the SLMs (simply by changing the voltage scheme that is applied), any area within the FOV can be magnified, and that area can be changed on a millisecond time scale. 
REFLECTIVE ACTIVE OPTICAL ZOOM SYSTEM
Focus control of DMs is accomplished in a similar fashion. The reflective surface can be adjusted to produce a wavefront that is approximately the same as one produced by a conventional curved mirror, and the focal length of the DM can be varied within the limits set by the maximum deflection (i.e. dynamic range) and the number of actuators. The key to achieving high quality imaging with an active optical zoom system is to precisely control the applied voltages, and thus the mirror surface, of the DMs to create pure defocus while minimizing other aberrations. Thus, at any given instant, the DM will act just as a diffraction-limited static mirror, but it will have the ability to change focallength by simply changing the applied voltages. In theory, we should also be able to add the correct amounts of tilt and higher order aberrations, along with defocus, to magnify any area within the wide FOV.
In order to demonstrate the concept with an all-reflective system, we utilized small, electrostatically-driven micromachined deformable membrane mirrors (MDMMs) from OKO Technologies along with conventional spherical mirrors in our optical design. Custom software was developed by Narrascape to simultaneously control both MDMMs in the optical setup. Each individual actuator or any group of actuators on either mirror can be controlled via a graphical user interface, Figure 3 . To further manage the values of the MDMMs, independent control of the first fourteen Zernike polynomials (not including Piston) was integrated. Two other features, Solo and Mute, were added to allow us to quickly remove and add individual Zernike contributions independently.
Designing an optical system with significant magnification around the limited capabilities of these mirrors was our next technical hurdle. As with the LC SLMs, deformable mirrors, both MDMMs and conventional, can operate over very limited focal-length ranges, and creating large changes in system magnification with small changes in the focal lengths of individual components proved to be a difficult task. However, by leveraging those small changes in focal length with high optical-power static elements, we were able to successfully design an all-reflective, active optical zoom sensor with 4X magnification, shown in Figure 4 (a). While our ZEMAX £ design was optimized for only two positions, zoomed and unzoomed, we found that by adding an iterative slider, the far right "Zoom Control" in Figure 3 , we were able to move continuously between the wide FOV and the narrow FOV with decent imaging throughout. However, there remained a significant amount of residual aberration in our system, and our early attempts to manually remove this residual aberration were not very successful.
In order to improve imaging quality, we used a commercial Shack-Hartmann wavefront sensor to quantitatively analyze the surface quality of the MDMMs with various voltages schemes applied. Our goal was to reduce the residual aberrations of the MDMMs. However, even with feedback from a Shack-Hartmann wavefront sensor, manually adjusting mirrors in order to remove residual aberrations and create a simple wavefront with pure focus turned out to be very difficult. After struggling with manual compensation, we decided to set up a closed-loop compensator, which entailed integrating feedback from an adaptive optics (AO) loop and letting an automated control algorithm converge to a solution. The details of that effort are presented in a separate paper in this same proceedings.
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Figure 3. User control interface for two MDMMs with individual actuator and Zernike control applied (Z3 is defocus). The slider on the far right allows us to move iteratively between states.
(a) (b) Note that in this case, the static mirrors were changed between (a) and (b) in order to achieve "zoom".
As this was our first attempt at achieving optical zoom with reflective optics, we are quite confident that these results can be improved. Nonetheless, we are very pleased that the quality of the active optical zoom images are comparable to the static case. We are also excited by the fact that we can move quasi-continuously between the zoomed and unzoomed states. Note that the poor quality at the edges of the images, particularly noticeable in corners of Figure 5 (a), is due to the residual errors at the edge of the MDMMs. Because these mirrors are attached at this boundary, it is very difficult to remove all of the aberrations at the edges. Ideally, we would aperture the mirror down and only use the central ~80% of the mirrored surface.
If we restrict the FOV of our system, we can eliminate some of the edge effects. Figures 7 and 8 show another set of images taken with slightly increased magnification using both active and static zoom, respectively. Again, the systems perform nearly identically in terms of resolution capability. Here the unzoomed images, Figures 7(a) and 8(a), are digitally expanded 4X in order to compare resolution with the zoomed images. In this case, the changes in image brightness/color are simply due to manual adjustments of the camera gain.
(a) (b) In both figures, there is nearly two times the resolution capability in the zoomed case, consistent with MTF calculations. The highest resolvable set of horizontal bars in the unzoomed image from the active optical zoom system, 7(a), is Group 4-2 at 17.95 lp/mm (as measured in the object plane). We achieved slightly better resolution with the static mirrors in Figure 8 (a), where Group 4-3 at 20.16 lp/mm is resolvable. These are consistent with the calculated cut-off frequency of 23 lp/mm and an MTF that falls below 10% at 20 lp/mm. In the zoomed case, we can resolve Group 5-1 at 32 lp/mm in both the active optical zoom system and the static system (although that is not necessarily clear in Figure 7(b) ). This is again consistent with a calculated cut-off frequency of 43 lp/mm and an MTF that falls below 10% at 36 lp/mm.
CONCLUSION
We have presented preliminary experimental confirmation showing that active optical elements can be used as variable focal length lenses/mirrors to eliminate mechanical motion in zoom lens systems. By using multiple liquid crystal spatial light modulators in a transmissive system and micromachined deformable membrane mirrors in a reflective system, we have designed and demonstrated variable magnification imaging systems with no macroscopic moving parts. In the reflective case, we generated 4X increase in magnification and almost 2X increase in resolution capability. For this initial demonstration, we designed the system based on the capabilities of the MDMMs and not the detector. A real system design would be based on the size of the detector pixels (detector limited) and would therefore be designed to show the full increase in resolution. We also found that edge effects limit the useful aperture of the mirrors to approximately 80%. We hope that further investigation will generate designs with improved resolution enhancement and improved image quality at the edge of the field. We also hope that further development of both spatial light modulators and deformable mirrors will lead to larger apertures and higher dynamic ranges.
